In mammals, behavioral and physiological rhythms are controlled by circadian clocks which are entrained by environmental light and food signals. However, how the environmental cues affect digestive tract's circadian clock remains poorly understood. Therefore, in order to elucidate the effect of light cue on the resetting of the peripheral clocks, we investigated the expressions of clock genes (Bmal1, Cry1, Rev-erbα, Per1, and Per2) and digestive function genes (Cck, Cck-1r, Sct, Sctr, and Ctrb1) in the pancreas and duodenum of rats after the light-dark (LD) cycle reversal for 7 days. We found that both the clock genes and digestive function genes exhibited a clear and similar daily rhythmicity in the pancreas and duodenum of rats. After reversal of the LD cycle for 7 days, the expressions of clock genes in pancreas, including Bmal1, Cry1, and Rev-erbα were affected; whereas the expression of Per1 gene failed to fit the cosine wave. However, in the duodenum the shifted genes were Bmal1, Rev-erbα, and Per2; in parallel, the Per1 gene expression also lost its circadian rhythm by reversal of the LD cycle. Therefore, the acrophases of the clock genes were shifted in a tissue-and gene-specific manner. Furthermore, the profiles of the digestive function genes, including Sctr and Ctrb1, were also affected by changes in LD cycle. These observations suggest that the mechanisms underlying the pancreatic and duodenal clocks are distinct, and there may be a potential linkage between the circadian clock system and the digestive system.
Introduction
Most behavior and physiology of mammalian organisms follow daily oscillations, such as sleep-wake cycles, body temperature, hormone secretion, etc. These rhythmic processes are governed by an endogenous biological clock, and also affected by environmental cues (e.g. light, food, and temperature) [1, 2] . In mammals, the circadian timing system is hierarchical, with a master clock located in the suprachiasmatic nuclei (SCN) of the hypothalamus and subordinate oscillators in other brain regions and peripheral tissues [3] . The master clock is reset mainly by the light cue via the retinohypothalamic tract [4, 5] , which controls peripheral clocks directly or indirectly by virtue of neural, humoral, and other signals in a coordinated manner [6] . Light-induced phase shifts of the SCN clock are associated with changes in clock gene expression to reset the transcriptional-translational feedback loops. Numerous studies have demonstrated that the mechanisms of phase shifting responses to light are correlated with the induction of Per1, Per2, and Dec1 expression and a possible reduction of Cry2 expression within SCN cells [7] [8] [9] .
On the other hand, restricted feeding schedule can uncouple the peripheral clocks from the central pacemaker in the SCN, which suggests that the circadian rhythm of peripheral clocks can be strongly affected by the feeding time [10, 11] . Our studies have indicated that the individual reversal of LD cycle for 7 days could not obviously reset the clock genes in liver, heart and kidney of restricted feeding rats [12, 13] . However, the circadian oscillators in other digestive organs, such as pancreas, duodenum, jejunum, and colon [14] [15] [16] [17] [18] [19] , which are food entrainable [20] , were rarely studied.
Previous studies have demonstrated that internal circadian clock influences appetite, nutrient absorption, and metabolism. Disruption of circadian rhythms may increase vulnerability to digestive disorders, including reflux, duodenal ulcers, inflammatory bowel issues, irritable bowel disease, and gastrointestinal cancer [16, 21] . Moreover, growing evidence from human and animal studies has indicated that the circadian rhythm is linked to the regulation of energy homeostasis and metabolic syndromes. Destruction of circadian rhythm in digestive tract may lead to the metabolic disorders such as obesity, diabetes, and nonalcoholic liver disease (NAFLD) and impair the energy metabolism [22] [23] [24] . A number of energy metabolism-related hormones, including insulin, glucagon, and leptin, exhibit circadian rhythmicity in animal models [25, 26] . These suggest the peripheral circadian clock system plays an important role in regulation of energy homeostasis and related diseases. Thus, the investigation of relation between circadian clock and digestive tract, especially, the digestive enzymes and digestive hormones is necessary.
In the digestive tract, the pancreas and duodenum are responsible for the absorption of nutrients by secreting digestive enzymes and hormones. The digestive enzymes, including pancreatic amylase, chymotrypsiogen 1 (CTRB1), trypsinogen, and lipase, are synthesized by pancreas and then secreted into small intestine for the digestion and absorption of nutrients. On the other hand, the activity of digestive enzyme secretion from pancreas is regulated by hormones from small intestine. Cholecystokinin (CCK) and secretin (SCT) are the gastrointestinal hormones which are secreted from the small intestine. CCK is known to induce pancreatic exocrine secretion by the activation of CCK1 receptor (CCK-1R) mediated signaling pathway [27] . SCT can increase watery bicarbonate solution from pancreatic epithelium via binding to SCT receptor (SCTR) in pancreas [28] . Moreover, the pancreatic enzyme secretion follows a circadian rhythm [29] , suggesting the correlation between circadian clocks and digestive function. Therefore, it is important to characterize whether and how the clock genes and digestive enzymes will respond to external environment time cues.
In the present study, we investigated the effects of light cue on the resetting of the clock genes (Bmal1, Cry1, Rev-erbα, Per1, and Per2) and digestive function genes (Cck, Cck-1r, Sct, and Sctr) and protein (CTRB1) in the pancreas and duodenum by reversal of LD cycle for 7 days.
Materials and Methods

Animals
Male Wistar rats (Rattus norvegicus) with a mean body weight of about 120 g were purchased from China National Laboratory Animal Resource Center (Shanghai, China). They were maintained in a 12:12-h light-dark (LD) cycle and at constant temperature (22°C ± 1°C). The onset of light at 08:00, defined as Zeitgeber time 0 (ZT0), and offset of light at 20:00, defined as ZT12. Rats were allowed to free access to water but access to food only in the dark period from the beginning of the experiment. Rats were kept in this condition for 2 weeks before the following experiments.
Experimental design and tissue harvest
In order to analyze the diurnal expression patterns of circadian genes in the pancreas and duodenum, four rats per each time point were sacrificed at a 4-h interval of the daily cycle starting at ZT0 (the control group). To determine the effects of the light signal on the circadian gene expression in pancreas and duodenum, rats in this group were transferred to a completely reversed LD cycle without changing the previous feeding schedule (the DL group, Fig. 1 ). On Day 7, four rats per each time point were sacrificed at ZT 0, ZT 4, ZT 8, ZT 12, ZT 16, and ZT 20.
All rats were killed after deep anesthesia by peritoneal injection of pentobarbital sodium (50 mg/kg). Pancreas were quickly harvested and immediately frozen in liquid nitrogen. Duodenum was harvested about 5 cm from the end of stomach and rinsed with icecold saline to remove luminal contents and the mucosa was scraped carefully from the underlying muscle, and then flash frozen in liquid nitrogen. All the tissues were kept at −80°C until use for RNA extraction or protein extraction. During the dark phase, dissection was carried out under dim red light.
RNA extraction and reverse transcription
Total RNA of pancreas and duodenum was extracted by using TRIZOL Reagent (Takara Biochemicals, Dalian, China) according to the manufacturer's instructions. The concentrations of RNA samples were determined by measuring the optical density of each sample at 260 nm and 280 nm. Then the samples were reverse transcribed by using ReveTra Ace ® RT kit (TOYOBO, Tokyo, Japan) according to the manufacturer's instructions.
Real-time PCR
The reverse transcriptase-polymerase chain reaction (RT-PCR) was performed by using SYBR ® Green Realtime PCR Master Mix (TOYOBO) in a total volume of 10 μl. The primer sequences for Bmal1, Per1, Per2, Cry1, and Rev-erbα were the same as in our previous report [12, 30] . The primer sequences for Cck, Sct, Cck-1r, Sctr, and Ctrb1 were designed by the software of Invitrogen™ Custom Oligonucleotides and are shown in Table 1 . PCR amplification and quantification were carried out using an Eppendorf MasterCyclers ep RealPlex4 (Wesseling-Berzdorf, Hamburgers, Germany), as described previously [12] . The data were normalized to the amount of β-actin mRNA. 
Protein extraction and western blotting
Total protein from pancreas was extracted by mechanical disruption and homogenization followed by centrifugation at 14,000 g for 15 min to remove debris. The protein concentration was measured by using BCA Protein Assay Kit (Beyotime Institute of Biotechnology, Shanghai, China) according to the manufacturer's instructions. Extracts (60 μg of protein) were resolved on 12% BisTris gels and transferred to PVDF membranes. Membranes were blocked with skimmed milk (5%) and incubated overnight with rabbit anti-CTRB1 antibody (1:4000 dilution; Abcam, San Francisco, USA). Secondary antibody was goat anti-rabbit IgG-HRP (Beyotime Institute of Biotechnology). Visualization was performed with ECL Western Blotting Detection Reagents (Beyotime Institute of Biotechnology) and the images were analyzed with the GEL imaging system (Bio-Rad, Berkeley, USA). The quantification of CTRB1 was performed by the software Quantity One (Bio-Rad).
Acrophase time analysis
The acrophase time of each cycling gene was estimated from the acrophase of the most highly correlated cosine wave as described previously [13] . Briefly, the mRNA levels were fitted using the MATLAB 2017a program by a nonlinear least-squares regression of the following cosine-wave equation (cosinor):
where y represents the level of mRNA, A is the mean level of mRNA, B is the amplitude of mRNA oscillation, C is the acrophase time of mRNA oscillation, and T is the time (h). The acrophase time is considered when the mRNA level at a given time point is within the 95% confidence bounds of the acrophase. The value R 2 indicates the significance of the fit. The cosine fit is considered to be statistically significant when F is greater than F 0.05 (*F > F 0.05 ).
Statistical analysis
Data were presented as the mean ± SD (n = 4). The values for mRNA levels were presented as relative values in all experiments. The daily expressions of examined gene and protein was analyzed by one-way ANOVA. The statistical differences between control and DL group were determined by a two-way ANOVA. When a significant difference was observed by using two-way ANOVA, the difference at each time point was analyzed by Student-Newman-Keuls test, and the results were considered statistically significant when P was less than 0.05.
Results
Daily expression profiles of circadian genes in pancreas and duodenum
To determine the diurnal expression profiles of circadian genes in digestive system, we examined the expression of five clock genes (Bmal1, Cry1, Rev-erbα, Per1, and Per2) in the pancreas and duodenum over the course of a 24-h LD cycle. Expression profiles of all five clock genes exhibited a robust daily rhythmicity in the pancreas ( Fig. 2A and Table 2 ) and duodenum ( Fig. 2B and Table 3 ), respectively. In the pancreas, the peak mRNA level of positive element, Bmal1, was observed at ZT 2.5. While, the peak mRNA level of Cry1 was observed at the nightday transition (ZT 21.9). On the contrary, the peak of Per1 mRNA level was observed at day-night transition (ZT 9.9). As for the other two clock genes, the peak transcript level was shown at the daytime (ZT 9.4) and nighttime (ZT 16.2) for Rev-erbα and Per2, respectively. In the duodenum, all the five clock genes exhibited similar daily rhythmicity to that in pancreas ( Fig. 2B and Table 3 ).
Effects of a 12-h shift of LD cycle on the expression of clock genes in pancreas and duodenum
To test the effect of the light cue on the circadian gene expression of the digestive system clock, the expressions of clock genes were examined in pancreas and duodenum on the seventh day of LD reversal. The expression phases of all selected genes were markedly altered in gene-and tissue-specific manner after the 12-h shift of LD cycle. The selected clock genes in pancreas presented a significant daily rhythm in DL group, except for the Per1 gene (Fig. 3A and Table 2 ). The values of acrophase time for Bmal1, Cry1, Rev-erbα, and Per2 genes were shifted for 4.1 h, -7.1 h, 3.1 h, and 0.3 h, respectively. Moreover, the 12-h shift of LD cycle also affected the mRNA levels and the daily fluctuation amplitude of these examined genes. The amplitude of these clock genes (Bmal1, Rev-erbα, and Per2) were decreased by reversal of LD cycle ( Table 2 ). However, it was shown that the peak mRNA level of positive element, Bmal1, was decreased by 44.9% (P < 0.05); moreover, the peak mRNA levels of the two clock genes Rev-erbα and Per2 were decreased by 41.4% (P < 0.05) and 68.8% (P < 0.05), whereas the peak mRNA level of Cry1 was increased to 1.5 folds (P < 0.05) (Fig. 3A and Supplementary Table S1). The cosine fit was considered statistically significant when F was more than F 0.05 (*F > F 0.05 ). The acrophase time was considered when the mRNA level at a given time point was within 95% confidence bounds of the acrophase. The value of R 2 indicates the goodness of fit. The phase shift is the time lag between the acrophase time in the control condition and that in the resetting experiment. DL, reversed light-dark cycle; ZT, Zeitgeber time; ns, no significant 24-h rhythm. The cosine fit was considered statistically significant when F was more than F 0.05 (*F > F 0.05 ). The acrophase time was considered when the mRNA level at a given time point was within 95% confidence bounds of the acrophase. The value of R 2 quantifies the goodness of fit. The phase shift is the time lag between the acrophase time in the control condition and that in the resetting experiments. DL, reversed light-dark cycle; ZT, Zeitgeber time; ns, no significant 24-h rhythm.
In the duodenum (Fig. 3B and Table 3 ), the circadian profiles of clock genes were also altered except Per1. The acrophase times for Bmal1, Rev-erbα, Cry1, and Per2 were shifted by 2.7 h, 3.1 h, 3.3 h, and 4.1 h, respectively. Furthermore, The amplitudes of these all clock genes daily expression rhythm were affected by shifting LD cycle. The amplitude of Per2 expression was increased in DL group ( Table 3) . The peak mRNA level of Bmal1 was decreased by 27.1%; but the peak mRNA levels of the Cry1 and Rev-erbα were not significantly altered (P > 0.05), whereas the peak mRNA level of Per2 was increased to 2.3 folds (P < 0.05) (Fig. 3B and Supplementary Table S2 ).
Effects of a 12-h shift of LD cycle on the relative expression of hormone genes in duodenum and their receptor genes in pancreas As shown in Fig. 4 , the expression profiles of hormone and receptor genes exhibited a clear daily rhythmicity in the pancreas ( Table 2) and duodenum (Table 3 ) of the control rats. For the hormone genes ( Fig. 4A and Table 3 ), a 12-h shift of LD cycle altered the acrophase time of Sct (5.6 h) but not that of the Cck gene. However, the peak mRNA levels of these two hormone genes were not altered significantly (P > 0.05) (Fig. 4A and Supplementary Table S2) . Meanwhile, the expressions of receptor genes in pancreas were shown in Fig. 4B . For Cck-1r, reversed LD cycle affected its robust circadian rhythm; whereas, the acrophase time of Sctr was shifted about 1.4 h in DL group rats without significantly affecting the peak mRNA level (P > 0.05) (Fig. 4B, Table 2 , and Supplementary Table S1 ).
Effects of a 12-h shift of LD cycle on the expression Ctrb1 and the protein level in pancreas Subsequently, we investigated the expression of digestive enzyme gene and the protein level in pancreas ( Fig. 5 and Table 2 ). In our study, we investigated the expression of Ctrb1 and the CTRB1 level in the pancreas. It was found that the expression of Ctrb1 gene exhibited a clear daily rhythmicity in the control group ( Table 2) . For 12-h shift LD cycle, the acrophase time of Ctrb1 was visually altered by 8 h (Fig. 5A) , whereas, its expression profile was not fitted by any correlated cosine wave. Moreover, the peak mRNA level of Ctrb1 were decreased by 32.1% (P < 0.05) (Fig. 5A and Supplementary Table S1 ). Similarly, the protein level of CTRB1 also exhibited a clear daily rhythmicity (P < 0.05). After shifting LD cycle for 7 days, the acrophase time of protein level was altered by -6.3 h, which is similar to the gene profile ( Fig. 5B and Table 2 ). But Effects of light phase reversal alone on daily expression profiles of circadian genes in the duodenum. The other information is the same as in Fig. 2 . Solid circles represent data of DL group, and open circles indicate the control group. Differences at a given time point, determined using a two-way analysis of variance (ANOVA), are considered statistically significant when P is less than 0.05 or 0.01 (*P < 0.05, ** P < 0.01). The effects of individual LD reversal on receptor genes (Cck-1r and Sctr) expression in the pancreas. Differences at a given time point, determined using a two-way analysis of variance (ANOVA), are considered statistically significant when P is less than 0.05 or 0.01 (*P < 0.05, ** P < 0.01).
compared to the control group, the peak protein level was increased to 1.4 folds (P < 0.05) (Fig. 5B and Supplementary Table S1 ).
Discussion
In the present study, we found that clock genes, including Bmal1, Cry1, Rev-erbα, Per1, and Per2, showed robust circadian rhythms in rat pancreas and duodenum, which was consistent with previous reports in mice [17, 31] . Moreover, we found that the expression of the five clock genes showed similar circadian phases in pancreas and duodenum. The reason of this result may be that pancreas and duodenum have a direct link in the digestive tract. In mammalian digestive system, most digestive enzymes are secreted by the pancreas, and then dissolved in the pancreatic juice flow into the small intestine. This evidence suggests that the digestive processes in rat display a robust synchronous rhythmicity.
Reversal of the normal LD cycle could destroy the robust daily rhythm in master clock (SCN) and then could be associated with healthy problem. The evidence is that Jet-lag and shift-work would disrupt the internal timekeeping system and endanger the physical health [32, 33] . Whereas, reverse the LD cycle individually for 7 days could not significantly change the daily profiles of clock genes in liver (Bmal1, Cry1, Per1, and Dec1), kidney (Bmal1, Clock, Cry1, and Per2) and heart (Cry1, Per1, and Dec1) [12, 13] . The results obtained in the present study are that the circadian rhythms of these clock genes in both pancreas and duodenum could be altered to a certain degree by the shifting LD to DL photoperiod for 7 days without any accompanying change in the feeding schedule. Although the five clock genes have a similar daily profiles in pancreas and duodenum, they have different variations after 12-h shifting LD cycle for 7 days. In pancreas, the phase of the two clock genes (Bmal1 and Rev-erbα) was advanced, but the phase of the Per2 gene has no significant change after overturn of the light period. Moreover, the circadian expression of Per1 gene was lost in DL group. Meanwhile, the mRNA levels of the five clock genes also have different degree of variation. For example, the level of Cry1 mRNA was increased by shifting LD cycle, while the levels of Reverbα and Per2 genes were restricted. Similar results were also obtained in duodenum, the phase of clock genes, including Bma1, Cry1, Rev-erbα, and Per2, expression was advanced. Similar to that in pancreas, the Per1 gene expression in duodenum failed to display its clear rhythm. Moreover, the mRNA levels of the five genes also showed different variation in duodenum. Thus, we can conclude that LD reversal exhibits its effects on the gene expression (phase shift and mRNA level) in a gene-and tissue-specific manner.
Previous data suggested that the central clock (SCN) is entrained mainly by external light signal captured by the retina [34, 35] . On the other hand, food has recently been considered as a dominant Zeitgeber to peripheral clocks, except pineal [36] . It is well known that changing the light cue cannot overt shifting the clock genes expression in peripheral oscillators. For example, when mice were transferred from LD cycle to constant darkness (DD) for 3 days, the Per(s) and Dbp genes significantly shifted in heart [37] . However, in the present study, we found that the expression of clock genes in pancreas and duodenum were affected by reversing LD cycle. These results indicate that the oscillators in pancreas and duodenum are more sensitive to optical signal than other peripheral tissue, including liver, heart, and kidney. The reason maybe that these two oscillators received stronger signal from the SCN, to maintain the stability of homeostasis. Although, the peripheral clocks cannot perceive the light cues, they can be entrained by the SCN pacemaker via direct or indirect pathways of multiple neural and humoral signals [38] . The mechanisms by which the SCN accomplishes this task are understood clearly, but they are very complex. In fact, it involves a lot of crucial factors like some hormones, nuclear receptors, and some protein kinases [39] [40] [41] . Especially, the hormone glucocorticoid signal is controlled by SCN via the SCN-sympathetic nervous system pathway and may accelerate the rapid of coupling between SCN and peripheral oscillators [41] . Thus, the investigation of the molecules responsible for the potential timing signals will help to understand the tissue-specific resetting of peripheral clocks and the different resetting modes of clock genes by food and light.
Motility and external secretion, as well as cell proliferation in the gastrointestinal tract and liver, are subject to many circadian rhythms mediated by autonomic cells and some hormones (gastrin, ghrelin, and somatostatin). Additionally, the exocrine hormones such as ghrelin in stomach is entrained by the circadian system. Recent studies revealed the localization of food entrainable oscillators in the stomach. The secretion of ghrelin in oxyntic gland cells is entrained by clock genes, such as Per1 and Per2. Moreover, genetic inhibition of the circadian clock genes per1 and per2 will block the ghrelin expression rhythmicity [42] . These findings prompt us to investigate the circadian rhythm of digestive hormones secreted from small intestine. From the present study, we obtained the hormone genes (Cck and Sct) shown robust circadian rhythms in rat duodenum, which can act on the pancreas and cause the exocrine function proceed. In addition, the relative expressions of receptor genes (Cck-1r and Sctr) showed intact daily rhythm profiles in pancreas. Cholecystokinin, previously called pancreozymin, is synthesized by I-cells in the mucosal epithelium of the small intestine. It causes the release of digestive enzymes from the pancreas. Secretin is Western blot analysis for CTRB1 and the quantification of the protein level. Differences at a given time point, determined using a two-way analysis of variance (ANOVA), are considered statistically significant when P is less than 0.05 or 0.01 (*P < 0.05; ** P < 0.01).
secreted by S-cells in mammalian small intestine, and its role is to promote the secretion of pancreatic juice [27, 43] . It is well known that the autonomous circadian system in small intestine is very important. It can control the motility of small intestine, the digestive enzymes, and the transporters synthesized in small intestine [18, [44] [45] [46] . After the LD cycle was shifted for 7 days, the phase of the Cck and Sct as well as their receptors (Cck-1r and Sctr) showed different alteration by reversal of LD cycle. Meanwhile, the mRNA levels of these genes did not change significantly. This result is similar to the variation of clock genes in pancreas and duodenum, which is gene-specific.
The endocrine function of pancreas is regulated through the internal circadian clock. For example, The secretion of insulin and glycogen from pancreatic island followed a diurnal rhythm, the same rhythm was also shown in isolated rat islets [47, 48] . However, the exocrine function of pancreas, especially the digestive enzymes have not been well investigated. In this study, we examined the daily profile of Ctrb1 gene mRNA and protein, as well as the influence of the reversal of the LD cycle for 7 days. It was found that the daily expression of Ctrb1 gene, as well as the CTRB1 protein, showed an intact diurnal profile. Upon LD cycle shift, the mRNA and protein phase were advanced by 6.3 h. The paradox is that light-dark shifting caused a decrease in the mRNA level, but an increase in the protein level. A reasonable explanation may be that post-transcriptional regulation contributes to this phenomenon.
Internal circadian clock may influence the physiological activity in the small intestine, because some mucosal nutrient transporters such as intestinal peptidetransporter 1 (PEPT1) in the small intestine appear to be under circadian control [49] . Importantly, the rhythmic patterns of the expression of nutrient transporters are driven by the timing of food intake and appetite, so gut hormones that regulate food intake may play an important regulatory role [50] . For example, daytime restricted feeding (feeding reversal only) was found to shift the phase of clock genes as well as the sodium glucose co-transporter (SGLT1) gene in jejunum [18] , suggesting that the SGLT1 rhythmicity might be controlled by the peripheral circadian system. It has been proven that the mechanism by which clock genes drives circadian gene expression is through the regulation of promoter activity of clock-controlled genes, thereby leading to activate the downstream genes at specific times of the day [51] . Although, Cck, Sct, and other genes have not been proved to be clock-controlled genes, they could still be regulated by the circadian system through indirect pathways.
In summary, our results demonstrate that the core clock genes (Bmal1, Cry1, Rev-erbα, Per1, and Per2) have robust daily rhythm in pancreas and duodenum of rats and that the light cue have the ability to shift the phases of these genes in tissue-and gene-specific manners. In addition, the functions of small intestine and pancreas are associated with the internal circadian clock in the mammalian digestive system.
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